ABSTRACT Lipid bilayers represent a fascinating class of biomaterials whose properties are altered by changes in pressure or temperature. Functions of cellular membranes can be affected by nonspecific lipid-protein interactions that depend on bilayer material properties. Here we address the changes in lipid bilayer structure induced by external pressure. Solid-state 2 H NMR spectroscopy of phospholipid bilayers under osmotic stress allows structural fluctuations and deformation of membranes to be investigated. We highlight the results from NMR experiments utilizing pressure-based force techniques that control membrane structure and tension. Our 2 H NMR results using both dehydration pressure (low water activity) and osmotic pressure (poly(ethylene glycol) as osmolyte) show that the segmental order parameters (S CD ) of DMPC approach very large values of z0.35 in the liquid-crystalline state. The two stresses are thermodynamically equivalent, because the change in chemical potential when transferring water from the interlamellar space to the bulk water phase corresponds to the induced pressure. This theoretical equivalence is experimentally revealed by considering the solid-state 2 H NMR spectrometer as a virtual osmometer. Moreover, we extend this approach to include the correspondence between osmotic pressure and hydrostatic pressure. Our results establish the magnitude of the pressures that lead to significant bilayer deformation including changes in area per lipid and volumetric bilayer thickness. We find that appreciable bilayer structural changes occur with osmotic pressures in the range of 10À100 atm or lower. This research demonstrates the applicability of solid-state 2 H NMR spectroscopy together with bilayer stress techniques for investigating the mechanism of pressure sensitivity of membrane proteins.
INTRODUCTION
Water is the essence of life on Earth and the hydrophobic effect (1) provides an important driving force for the selfassembly of biomolecules, including both proteins and lipids in biomembranes (2) (3) (4) (5) (6) . Altering the activity of aqua vitae has profound effects on drought-tolerant plants (7) and animals (8) , as well as biomembrane constituents including aquaporins (9) , mechanosensitive channels (10, 11) , and G protein-coupled receptors (12, 13) . Lipid bilayers are elastic materials (14, 15) and can undergo significant deformation in response to stress, whereby nonspecific material properties govern protein-mediated functions of cellular membranes (16) . The interactions of lipids include a balance of attractive long-range van der Waals forces with shorter-range repulsive forces that together govern their micro-or nanostructures. Water and osmotic stress may indirectly affect function due to structural changes of the biomembrane (16) , and there may also be direct effects on membrane proteins (17) . A chemically nonspecific stress field within the membrane (16) may underlie bilayer straininduced changes in protein activity in terms of elastic constants (moduli) described by a flexible surface model (16, 18, 19) .
Membrane structural changes due to bilayer stress can be explored in three different ways: application of dehydration pressure by gravimetrically adding a controlled amount of water (20, 21) (Fig. 1 a) ; osmotic pressure involving the addition of osmolyte (22) (Fig. 1 b) ; or by directly applying hydrostatic pressure (23) (24) (25) (Fig. 1 c) . Each method is thermodynamically related, because the molar work of transfer of water from the interlamellar space corresponds to a reduction in chemical potential (m W ) that is balanced by the external pressure (P or P). As discussed by Israelachvili and Wennerström (26) , the repulsive interbilayer pressure (27) is attributed to undulations that provide an entropic force over large length scales, and at shorter distances either to an exponentially decaying hydration force (28, 29) , or to entropic protrusion forces between fluctuating lipids. (The dehydration pressure should not be confused with the socalled hydration force (29) , because it also includes a steric component (26, 27) ). Although the theoretical equivalence of osmotic pressure and gravimetric dehydration is well understood (29, 30) , the extent of membrane deformation is less clear (28, 31) , because different experimental approaches lead to varying conclusions (29, (31) (32) (33) (34) . According to Koenig et al. (22) , the discrepancy may entail applying the so-called Luzzati method-which combines gravimetric, volume, and small-angle x-ray scattering measurements to obtain the unit cell dimensions-versus use of electron density profiles to determine the structure within the unit cell (28, 31, 35) . Because hydration variation is typically used to solve the phase problem in x-ray studies (35) , the influences of membrane deformation could also potentially affect the form factors and derived structures.
Here we apply solid-state 2 H NMR spectroscopy (36) as an experimental counterpart to x-ray studies (22, 29, 30, 32, (37) (38) (39) that have led to seminal insights into the role of water in membrane organization. Compared to x-ray diffraction (35, 40) or micropipette deformation (41), 2 H NMR has the considerable advantage of being able to probe bilayer properties at a site-specific level in terms of individual lipid segments (42, 43) . Fig. 1 d shows how the residual quadrupolar couplings in 2 H NMR spectroscopy are connected with the average bilayer structure using phospholipids uniformly deuterated along the acyl chains. Mobility of the lipids as well as collective lipid motions due to steric forces are detected over a broad range of time and distance scales (14, 44) . Any change in thermodynamic state variables is manifested by the quadrupolar splittings Dn ðiÞ Q via the segmental order parameters, which are crucial for testing the validity of force fields in molecular dynamics studies (15, 45, 46) . Equivalence of dehydration and osmotic pressure (29) is shown by treating the NMR machine as a virtual osmometer, which enables comparison of the results with reported hydrostatic data (23, 47) . Most strikingly, we find evidence of significant bilayer structural changes from the 2 H NMR order parameters over the entire range of osmotic pressures investigated (0-230 atm). The correspondence of interbilayer repulsive pressure induced osmotically (22) to structural changes by direct application of hydrostatic pressure (47) is then examined. We explain how the comparatively small changes induced by hydrostatic pressures (z1000 atm) are mainly due to squeezing water from the interlamellar space. This process is far less efficient than direct removal of water by dehydration or osmotic stress. Last, we point out the implications for conformational changes of pressure-sensitive membrane proteins, including G protein-coupled receptors like rhodopsin as well as mechanosensitive ion channels.
EXPERIMENTAL METHODS
1,2-diperdeuteriomyristoyl-sn-glycero-3-phosphocholine (DMPC-d 54 ) was obtained from Avanti Polar Lipids (Alabaster, AL) and lyophilized from hexanes to constant weight. The number of waters per lipid was calculated using their gravimetric proportion of weights. For the osmolyte method, an appropriate quantity of poly(ethylene glycol) (M r 1500) (PEG 1500) (Sigma-Aldrich, St. Louis, MO) was added to the lipids after the lyophilization step. Osmotic pressure measurements were carried out as described in the Supporting Material. Solid-state 2 H NMR measurements were conducted using an AMX-300 spectrometer (Bruker, Billerica, MA) operating at 7.05 T ( 2 H frequency of 46.07 MHz). Spectral assignments for DMPC-d 54 were made by integration of de-Paked resonances (48) (see Fig. 1 d) . The order parameters, S CD, were evaluated using the relation (42) Dn
Here, Dn 
where b i is the instantaneous angle between the CÀ 2 H bond and the membrane normal, and the angular brackets indicate a time-ensemble average. They are related to the bilayer mean area per lipid hAi and to the volumetric thickness per monolayer D C in terms of a mean-torque model (49) . Full experimental details are included in the Supporting Material. The trend of an increase of quadrupolar splittings with a decrease in n W/L continues significantly, with the highest value for 3.1 wt % H 2 O (77.99 kHz, n W/L ¼ 1.34). In Fig. 2 b, de-Paked 2 H NMR spectra at T ¼ 35 C corresponding to samples of DMPC-d 54 with different concentrations of osmolyte (0, 50, 70, and 87.6 wt % PEG 1500) are shown. Focusing on the maximum (plateau) quadrupolar splitting of the lipid acyl chains, a striking increase is seen as the concentration of osmolyte (osmotic pressure) increases. In the absence of PEG 1500 (n W/L z 41), the quadrupolar splitting of the plateau peak position is 52.34 kHz, which increases to 79.07 kHz at 87.6 wt % PEG. Osmotic pressure values corresponding to osmolytes with different relative molar masses (M r ) have been tabulated (50), and additional measurements are given in the Supporting Material.
Phospholipid membrane structure is altered by dehydration or osmotic stress Next, Fig. 3 , a and b, presents a comparison of the segmental order parameter profiles at T ¼ 30 C for the gravimetric and osmolyte samples, respectively. Striking increases in the order profiles are seen due to lipid membrane dehydration or osmotic stress, whereas the segmental order parameters increase z uniformly at each position. The largest values are observed for the PEG 1500 and gravimetric samples at an equivalent n W/L ¼ 1.34 (see below). Maximum order parameters for plateau acyl chain segments of 0.337 are observed, which approach those seen with addition of cholesterol (51, 52) . The lowest values correspond to excess interlamellar water and are found to be 0.211 (at n W/L ¼ 41) for the plateau peak position. The excellent correspondence of the segmental order profiles of DMPC-d 54 due to decreasing H 2 O or addition of PEG 1500 demonstrates that the two approaches are fundamentally equivalent. In both cases, the removal of H 2 O yields a similar variation for the various segmental positions along the acyl chains.
Membrane stress is affected by changing temperature
For all the samples, de-Paked 2 H NMR spectra and corresponding segmental order parameter profiles were measured as a function of temperature (30, 35, 45, 50 , and 65 C; results not shown). A reduction in the order parameter profiles is seen with increasing temperature, as discussed by Petrache et al. (49) in terms of the isobaric thermal expansivity due to increased bilayer area and diminished volumetric thickness. Representative data for DMPC-d 54 containing 20 wt % H 2 O at all temperatures are presented in the Supporting Material. The DMPC membrane system has a gel-to-liquidcrystalline phase transition temperature (T M ) of 23 C (53), which for DMPC-d 54 is reduced to 19.5 C by deuteration. To establish that the effects of dehydration or osmotic stress are not due to changes in T M values, we acquired FIGURE 2 Solid-state 2 H NMR de-Paked spectra in the liquid-crystalline (liquid-disordered or L a ) state at T ¼ 35 C for DMPC-d 54 bilayers showing the effect of (a) different amounts of hydration water and (b) various concentrations of osmolyte poly(ethylene glycol) M r 1500 (PEG 1500). In both cases, the quadrupolar splittings (peak-to-peak splitting) Dn ðiÞ Q change due to removal of water from the interlamellar space.
Biophysical Journal 100(1) 98-107 2 H NMR spectra of the samples in the vicinity of the phase transition temperature (results not shown). The data indicate a maximum increase in T M to z30 C for 3.1 wt % H 2 O (as well as for the 87.6 wt % PEG 1500) sample. Similar small shifts in DMPC phase transition temperatures have been observed under hydrostatic pressure (24) . We conclude that the dramatic changes in 2 H NMR splittings and order profiles are a direct consequence of dehydration or osmotic pressure, and not due to differences in the phase transition temperature (54) . Influences of temperature on bilayer structural parameters have also been investigated using x-ray diffraction, and interpreted in terms of a temperature-dependent decrease in the bilayer bending modulus (37) .
Membranes can be deformed by applying external pressure in three different ways
The 2 H NMR spectra and order parameter profiles corresponding to the three different pressure techniques, namely dehydration (gravimetric), osmotic (PEG 1500 osmolyte), and hydrostatic pressures, at 45 C are shown in Fig. 4 . For comparison, we include de-Paked spectra and order parameter measurements as a function of hydrostatic pressure conducted by Brown et al. (47) . Notably, for either gravimetrically or osmotically dehydrated samples, there is a striking increase in the segmental order parameters as stress on the membrane is increased. At this temperature, the quadrupolar splittings (order parameter) of the plateau region change from 45 
The larger order parameters are indicative of bilayer deformation (strain) involving a reduction in hAi and an increase in D C as water is expelled from the membrane (not shown). Changes in the segmental order parameters are evident for osmolyte concentrations from 0 to 87.6 wt % PEG 1500 and span a pressure range of 22 MPa (z200 atm). The gravimetric method shows that above 30 wt % H 2 O, there is hardly any significant change in order parameters, because the water is distributed between both the membrane partition and bulk water partition. However, removal of water below the full hydration limit of n W/L z 20 stresses the membrane, causing the lyotropic system to alter its shape at the microscopic level (strain) to maintain the fluidity and integrity of the membrane.
By contrast, in the hydrostatic pressure technique (47), the order parameter jS plat CD j changes only from 47.22 (0.188) to 56.86 (0.227) kHz. This comparison substantiates that even for a hydrostatic pressure of 138.6 MPa, the increase in the order parameters for all segments in the acyl chains is comparatively less than for the dehydration and osmotic pressure methods. In the latter cases, an increase in external pressure yields a striking increase in the order parameters S ðiÞ CD , e.g., due to a greater volumetric thickness D C and a corresponding diminution in lipid cross-sectional area hAi. Whether similar influences on bilayer properties can be measured with x-ray diffraction experiments remains to be established.
DISCUSSION
Phospholipids dispersed in water form bilayers that are important models for biological membranes. Lipid membranes are not only solvents for proteins, but their composition, structure, and dynamical properties have implications for cellular functions (55) . The phospholipid membrane is a lyotropic liquid-crystalline system, and the structural and dynamic properties (22, (56) (57) (58) (59) are inseparable from the concentration of bulk and hydration water of the membranes (60, 61) . Notably, lipid bilayer interactions have been studied extensively using osmotic pressure (29, 62, 63) , vesicle adhesion techniques, and other biophysical methods. Studies of membrane-bending deformations reveal that additives such as detergents and cholesterol can have a significant influence on the membrane elastic properties (44, 64) .
As first shown for rhodopsin (65) and reviewed in Brown (16), the bilayer lipid composition (flexible surface model) can affect both the structure and function of membrane proteins (16, 18, 65) . Effects of osmotic stress (activity of water) on the activating conformational change of rhodopsin have also been reported (12, 13) . Pressure-sensitive proteins, like the mechanosensitive channel of large conductance (66, 67) , respond to osmotic downshock by undergoing rearrangements of the tertiary fold of the protein to recover cell turgor or relieve excessive internal pressure that may rupture or lyse the cell (11) . The importance of lipid interactions in the mechanism of mechanosensitive channel of large conductance has been shown in subsequent work (68, 69) . Osmotic stress of the membrane bilayer may correspond to the membrane-dependent structural rearrangement of mechanosensitive proteins and changes in conformational equilibrium of membrane proteins due to hydrophobic mismatch (16) . In this light, we may consider the membrane lipid bilayer itself as an osmosensor.
Water plays a key role in membrane deformation
How are membrane steric interactions and bilayer structural deformation manifested in experimental biophysical measurements? To expel water from the bilayer, there are mainly two possibilities-either by using direct dehydration, or by removal of water through applying an osmotic or hydrostatic pressure. The effects of pressure and temperature are described by the compressibility and thermal expansivity coefficients (moduli), respectively (49) . Hydration of lipids has been investigated extensively (29, 70, 71) , whereby the number of waters per lipid can be controlled by gravimetrically varying the amount of water or addition of osmolyte, which removes water from the interbilayer region. When lipid bilayers are forced into close proximity, short-range repulsion is generated (30, 72) , including both hydration and steric components (27, 31) due to bilayer undulations and/or protrusion forces (26) . Addition of osmolyte to the bilayer yields a reduction of interbilayer distance that has been extensively investigated with x-ray diffraction involving Fourier synthesis and small-angle FIGURE 4 Comparison of bilayer structural changes as revealed by solid-state 2 H NMR for three different methods of applying external pressure (see Fig. 1, aÀc) (47) with permission of the American Physical Society). Note that a larger change in segmental order profiles is seen with application of dehydration or osmotic pressure than for hydrostatic pressure.
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x-ray scattering experiments (39, 73) . Parsegian et al. (29) have considered the work of deformation and repulsion of phosphatidylcholine bilayers, and concluded that significant increases in thickness and corresponding decreases in area occur in the range of 50 atm, in agreement with x-ray studies of the Nagle laboratory (74, 75) . However, these conclusions differ from the work of McIntosh and Simon (28) and McIntosh et al. (31) , who find smaller changes in bilayer thickness and area per lipid from electron density profiles. The controlled addition of water has also been studied for different lipids using infrared spectroscopy, calorimetry, NMR (76) (77) (78) , and molecular dynamics simulations (79) . Now, in previous NMR measurements the quadrupolar splitting of the deuterium nucleus of 2 H 2 O has been investigated, providing evidence for different shells of waters between the membrane bilayers (60, 78, 80) . Because the thickness of the lipid headgroup hydration layer is roughly constant (35) , the removal of water leads to a reduction of the bilayer aqueous interfacial area hAi plus suppression of collective membrane fluctuations (14, 44) . There is an elastic deformation that involves a corresponding increase of the volumetric thickness per monolayer D C (49) . The area contraction and longitudinal (axial) stretch are inversely related and opposite in direction, and together with Young's modulus are described by the Poisson ratio (0 < s < 1/2). Assuming the transverse contraction exceeds the longitudinal stretch, an increase in hydrostatic pressure also leads to expulsion or removal of water from the membrane. Comparison of gravimetrically induced membrane deformations with structural changes caused by osmotic pressure is based on the thermodynamic principle of balancing the chemical potential (73) .
Changes in the equilibrium chemical potential of the water or lipids are simply related to the free energy of the chemical species for a thermodynamic system composed of the membrane (lipids and interlamellar water) and bulk water partitions. Equilibration of the membrane against an osmolyte solution involves a difference of pressures between these two partitions. This osmotic pressure acts to remove water from the membrane phase, and stresses the membrane, causing it to deform. In the gravimetric method, the experimentalist physically removes the water from the membrane partition. In essence, the removal of water by the osmolyte solution is the same as the removal of water by the person. Here our fingers-or rather the pipette-take the place of the polymer in solution. In both cases, the chemical potential of the water in the membrane partition increases as water is taken up by the bulk partition. Under increasing membrane stress, work is extracted from the membrane partition, and the free energy of the membrane is minimized.
Dehydration pressure is equivalent to osmotic pressure for lipid membranes Utilizing solid-state 2 H NMR spectroscopy, an empirical relation between order parameters and the osmotic pressure can be established as shown in Fig. 5 . The values of P for each of the PEG solutions containing DMPC-d 54 were interpolated from tabulated data obtained by vapor pressure osmometry (see the Supporting Material). The corresponding CÀ 2 H bond order parameters for the gravimetrically dehydrated samples were then matched to the corresponding dehydration (osmotic) pressures (Fig. 5) . For example, the inset shows the order parameters for each carbon segment for DMPC-d 54 containing 3.1 wt % H 2 O plotted versus those for DMPC-d 54 with 87.6 wt % PEG 1500. A straight line with a slope z 1 is obtained, thereby substantiating the equivalence between osmotic pressure and dehydration pressure. Similar linear plots were obtained for all the samples investigated in this work, allowing us to match osmotically stressed samples with their dehydrated counterparts (results not shown).
Next, referring back to Fig. 1, a and b , we see that the gravimetric removal of water or the addition of osmolyte are thermodynamically equivalent in terms of the number of waters per lipid (n W/L ). Moreover, there is a correspondence to the bulk hydrostatic pressure (P) as described below. We can understand the response of the water and lipid system through consideration of the chemical potential of water m W together with the thermodynamic relation (vm W /vP) T ¼ V W . The osmotic pressure P is related to the molar ratio of water/lipid n W/L (for constant hydrostatic pressure) by in which 4 is the osmotic coefficient (81) . The partial molar volume of water V W is approximated by the molar volume V Ã W ¼1/r, where r is the density. In Eq. 3, the osmotic coefficient describes the competition of lipid and osmolyte for the solvent, where 4 < 1 is due to lipid interactions with water. For the gravimetric samples, we can directly calculate the number of waters per lipid (n W/L ), and thereby test the equivalence of dehydration and osmotic pressure for lipid bilayers in Eq. 3. Fig. 6 shows such a plot of the equivalent dehydration (osmotic) pressure P as a function of the measured values of n W/L , which is a rectangular hyperbola at constant hydrostatic pressure P in accord with Eq. 3. Moreover, the data can be plotted as a function of 1/n W/L as shown in the inset, yielding a straight line whose slope gives the osmotic coefficient directly (4 ¼ 0.23 5 0.01). As discussed elsewhere (22, 35) , the correspondence of gravimetric and osmotic pressure methods may be affected by the extra aqueous volume due to defect regions of the multilamellar lipid dispersion that are equivalent to exerting osmotic pressure. The additional aqueous volume due to defects in multilamellar lipid samples may lead to exaggerated area changes for the unit cell near full hydration. However, the results of Fig. 6 lead us to conclude that solid-state 2 H NMR substantiates the theoretical equivalence of dehydration and osmotic pressures (29) for lipid membranes.
Osmotic pressure corresponds to hydrostatic pressure for lipid bilayers
We can also ask the question: what is the connection between osmotic pressure and hydrostatic pressure in lipid membrane deformation? The influence of directly applying hydrostatic pressure to multilamellar lipid dispersions in excess water has been investigated by Brown et al. (47) and Bonev and Morrow (82) using solid-state 2 H NMR spectroscopy. In contrast to earlier hydrostatic pressure experiments of Parsegian et al. (29, 73) , water is not allowed to escape across a dialysis membrane-hence, there is not a direct equivalence to osmotic pressure, as in our measurements and in the work of Koenig et al. (22) . Compared to our results for osmotic pressure in Fig. 4, a and b , the effects of hydrostatic pressure are much smaller in Fig. 4 c-why is this? Referring to Fig. 1 a, we see there is a correspondence between the hydrostatic pressure (P) acting directly upon lipid membranes and equivalent osmotic pressure (P) through the molar ratio of water/lipid (n W/L ). The origin can be traced back to the fact that for a lipid bilayer the transverse (area or lateral) compressibility is greater than the longitudinal (length or axial) compressibility when the Poisson ratio s is between 0 and 1/2. Due to the anisotropic compressibility, the application of an (isotropic) hydrostatic pressure leads to an area shrinkage at the expense of the volumetric bilayer thickness, in analogy to the osmotic pressure experiment (see above). However, the osmotic pressure mainly involves the transverse area contraction of the bilayer (pure shear), whereas the hydrostatic pressure experiment depends on both the area reduction as well as the longitudinal bilayer extension (both compression and pure shear).
Using the order parameters, we can then establish the correspondence of hydrostatic pressure to osmotic pressure for systems where the number of waters per lipid is known. Accordingly, Fig. 7 a presents plots of the segmental CÀ 2 H order parameters for the plateau acyl chain segments of the DMPC-d 54 bilayer in the liquid-crystalline (L a ) state for the three different ways of applying external pressure. One should recall that a larger value of S CD indicates a thicker bilayer with a corresponding area reduction, and vice versa (49) . First, we can see that by the criteria of 2 H NMR spectroscopy the effects of the dehydration and osmotic pressure are equivalent. They both produce approximately the same bilayer changes over the entire pressure range (z1À200 atm). Second, the influence of hydrostatic pressure is clearly different and significant bilayer deformation occurs only at high values (z100À1000 atm). But most striking, Fig. 7 b shows that we are able to unify all the results in terms of our approach. Here, the order parameters for the plateau acyl chain segments S plat CD are used to scale the osmotic pressure to the hydrostatic pressure giving a universal curve. The results are zsuperimposable regardless of whether the bilayer structural changes are brought about by gravimetric dehydration, by applying osmotic pressure, or by increased hydrostatic pressure. Hence, a common set of elastic constants explains bilayer interactions and deformation (strain) induced by an external force (stress) in all three cases (29, 33) . Bilayer deformation can influence membrane lipid-protein interactions Last, we note that our results may have implications for the pressure sensitivity of membrane proteins. It is fascinating to recognize that the influences of osmotic pressure on lipid bilayer structure and dynamics are quite appreciable at values that clearly fall in the biological range. Significant influences of pressure have been attributed to direct effects of osmotic stress on membrane proteins, as in the case of mechanosensitive channels (68) and rhodopsin (13) . However, the membrane lipid bilayer may also be sensitive to the osmotic pressure. The current 2 H NMR study supports the view that biomembranes are deformed by pressures <100À200 atm. Unanswered questions for future research include how the bilayer structural changes due to osmotic stress or hydrostatic pressure are related to membrane lysis by increasing area stretch; and whether feedback occurs between conformational changes of pressure-sensitive proteins and osmotically induced changes in bilayer structure via lipid-protein interactions.
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